To understand the possibility of monitoring the crustal stress and tectonic activities via satellite remote sensing technology, an experimental study focused on the thermal infrared variation was performed for cyclic loaded rock in the outdoor condition with two types of strong interference background. The stress-induced infrared radiation was extracted using wavelet analysis. The results showed that due to the significant effect of the ambient temperature, the weak stress-induced infrared signal was indistinguishable from the original infrared radiation. However, after wavelet decomposition, the infrared radiation concurrent with the change in stress became clear, and the correlation coefficient with the stress increased significantly with the value of 0.91 after decomposition. Additionally, the amplitude of the extracted stress-induced infrared signal was close to the theoretical result, indicating that the wavelet analysis method can extract the weak infrared signals induced by cyclic loading in the background of strong interference to some degree. The results provide an experimental basis and ideas for monitoring crustal stress and tectonic activities using thermal infrared remote sensing.
Introduction
Crustal stress is one of the most important properties of the crust, and it is closely related to various geological tectonic phenomena (including shallow earthquakes) as well as the accompanying physical phenomena in the surface and internal crust. Detecting the crustal stress condition and distribution is the basis for solving scientific problems relevant to geodynamics. Currently, most crustal stress monitoring methods adopted are contact-type and scattered, which are not usable for monitoring the crustal stress field in a large area, and the identification of potential catastrophes is limited. Since the 1980s, the rapid development of satellite technology has led to significant developments in seismic monitoring and geological disaster research. The satellite technology, including Global Navigation Satellite System (GNSS) [1] , Synthetic Aperture Radar Interferometry (InSAR) [2, 3] , Gravimetry [4] , and Remote Sensing (RS), has been used to detect crustal activity and to identify the relationship between anomalies and fault activities. In 1988, Gorny et al. observed thermal infrared radiation (TIR) anomaly phenomena before a strong earthquake in Central Asia and set the stage for using satellite thermal infrared remote sensing to detect pre-earthquake thermal anomalies [5] . Since then, this phenomenon has been repeatedly verified all over the world [6] [7] [8] [9] [10] [11] [12] [13] [14] . The positive temperature anomaly has become well known because of the frictional heating that occurs during earthquake faulting [15, 16] . Using not only the frictional heat, Ma et al. [17] [18] [19] [20] proposed a new method of using TIR data from satellites to investigate fault activities and performed experimental studies on the evolution characteristics of TIR in response to stress changes on fault-bearing samples. The use of thermal infrared remote sensing for monitoring pre-earthquake anomalies has become a popular topic in seismic research.
The temperature response properties associated with stress changes in rocks are key to improving understanding of temperature anomalies. To reveal the internal mechanisms of this phenomenon, the TIR observation experiments for loading rocks were conducted. Geng et al. [21] performed TIR observations of 34 rock samples with 26 types of lithology under uniaxial compression. They found that the infrared radiant temperature changes with stress during the rock-loading process and proposed a new method of detecting the stress state and rock stability with the concept of remote sensing rock mechanics (RSRM). Wu et al. [22] [23] [24] conducted wide research on the spatiotemporal evolution characteristics and anomalous precursors of TIR for loaded rocks under different stress conditions; two main thermal effects were proposed for explaining the experimental phenomenon. One is the thermoelastic effect, which is present throughout the entire loading process [20, 25] ; the other one is the frictional-thermal effect, which only occurs during microfracturing and fracturing stage [26] [27] [28] [29] . Therefore, the stress condition and fracture process of loaded rock can be monitored in the experimental condition. The infrared thermography has been widely employed for the analysis of the instability process for rock engineering [30] [31] [32] .
However, studies have shown that the TIR changes induced by the thermoelastic effect during loading are relatively small with the increasing temperature rate of approximately 3 mK/MPa under the normal temperature and pressure conditions [22] [23] [24] [25] . Additionally, the wavelength features in the spectral radiance change for loaded rocks were observed and can be used for stress monitoring [33] [34] [35] [36] [37] . The TIR change in the loading process is caused by both the physical temperature and emissivity change. The crustal stress condition could be evaluated by the emissivity change based on the accurate acquisition of stress-related TIR information [38] . However, for satellite-based TIR observations, the stress-induced thermal radiation intensity is relatively weak compared with weather-induced changes and influenced by multiple factors. Therefore, it remains a challenge to extract the stress-induced TIR information under a strong interference background and detect crustal tectonic activity.
Based on the above purpose, the study was performed to explore the possibility of extracting stress-induced weak TIR signals under a strong interference background in the experimental condition. We also considered the periodic stresses that are commonly encountered in crustal and rock engineering, including periodic changes in the tidal forces due to celestial bodies [39] [40] [41] , the effects of repeated loading and unloading of the dam basement during drainage [42] , and the effects of cyclic loading due to explosions on open mine slopes and reserved pillars [43] . In addition, studies have shown that seismic activities are periodic [44] [45] [46] . Therefore, the cyclic loading method is adopted to observe the TIR changes for the rock using an infrared thermal imager and to extract the relationship between the TIR change and stress. Considering the temporal features of stress change, the wavelet analysis method is performed to decompose the original TIR signals and to extract the relatively weak TIR related to stress in the strong interference background. The results could provide an experimental basis for monitoring crustal stress, mining, and rock engineering via thermal infrared remote sensing.
Materials and Methods

Experimental System
To simulate the actual satellite-based observations, it is necessary to observe the TIR change from the loaded rock in the outdoor condition. The experimental system for microwave and thermal infrared spectral radiation observations for horizontal loaded rock has been established in the outdoor condition [37, 38, 47] . Apart from the moveable load-testing machine, the multichannel temperature tester with Pt1000 probes, and the video camera in the system, an infrared thermal imager and an electrical resistance strain gauge were added.
The infrared thermal imager ImageIR 3350, designed by the InfraTec Company, Germany, was used to detect the TIR variation of the sample surface during the loading process. The thermal infrared radiant energy of the target can be transferred into the electronic signal and recorded by the infrared thermal imager. Then, the spatial distribution field of the thermal radiant energy can be shown on the thermal infrared image [26, 48] . The images were recorded over the range of 3.7-5.0 µm at a spatial resolution of 320 × 240 pixels with an Indium Antimonide (InSb) detector. The noise equivalent temperature difference (NETD) was better than 25 mK at ambient temperature condition of 25 • C, and the acquisition rate was 10 frames per second (fps).
An electrical resistance strain gauge was used to detect the strain data in the cyclic loading process. The strain measuring range was 0-±38,000 µε with the resolution of 1 µε, and the accuracy was better than 0.1%.
Experimental Environment
In this paper, the change in ambient temperature was considered in both the daytime and the nighttime for three days from 'Day 1' to 'Day 3'. To confirm the influence of the water vapor, the relative humidity of the atmosphere during the experiment was measured with the value in the range of 25-45% in the daytime and at night. Two types of observational conditions were designed.
Monotonic Changes in the Ambient Temperature
In this condition, the experiments were conducted at night and the weather chosen was breezy. The ambient temperature change was in the range of 18-21 • C and there was a monotonic ambient temperature change. This type of environmental condition was briefly named as 'EM1'.
Fluctuations in Ambient Temperature
The experiments were conducted during both the day and night when the air temperature fluctuates. The fluctuation at night is mainly affected by the wind, whereas the fluctuation in the daytime is mainly due to intermittent sunshine caused by discontinuous clouds. The ambient temperature change in the daytime was in the range of 22-26 • C. This type of environmental condition was briefly named as 'EF2'.
The experimental environments corresponding to the specific samples are listed in Table 1 . 
Experimental Method
Granite and quartz sandstone are widely distributed on the ground, and they belong to igneous rock and sedimentary rock, respectively. Therefore, both of these types of rocks were selected as the representative experimental samples. All the samples were cut into cuboids with the dimensions of 10 × 10 × 20 cm 3 and the top and bottom faces of each sample were parallel within an error of 0.1 mm. The specific processing parameters of the samples are shown in Table 1 .
Firstly, the cyclic loading mode was adopted for three times. The parameters of the loading process are listed in Table 1 . The infrared thermal imager was placed perpendicular to the sample to observe the TIR changes at a distance of 80 cm. In addition, a small piece of similar rock was placed near the loaded sample as a reference sample to record the ambient temperature [49, 50] . The temperature probes were attached to the rock surface with adhesive material to record temperature data during the loading process. Both of the two temperature probes were placed on the left and right side at the distance of 6 cm to the centre of the sample surface. As the environment changed in the daytime, the digital camera was arranged around the loading sample to record the changes in the sunlight irradiation over the sample's surface. To reduce heat conduction from the loading ends to the sample, two 1-mm-thick sheets of polytetrafluoroethylene (PTFE) pads were placed between both the loading ends and the sample. Static observations (more than 5 min) were performed to ensure that all the instruments were stable and the data were recorded simultaneously. The outdoor experimental scene and the schematic of the instrument arrangement are shown in Figure 1a ,b. 
Data-Processing Method
Difference Processing
The TIR change caused by stress is an energy conversion process in which part of the mechanical energy is converted to infrared radiation. The average infrared radiant temperature (AIRT) can reflect the overall TIR intensity of the loaded sample surface. To extract the changes in TIR intensity related to the stress accurately and to reduce the influence of the environmental and instrumental noise, the difference method was performed firstly [38, 47, 49] . The thermal infrared image at the initial moment was selected as the reference image, and the entire thermal images during the loading process were subtracted from the reference image. Then, the AIRT difference (∆AIRT) at each moment could be calculated during the loading process.
Wavelet Analysis
Wavelet analysis is a time-frequency analysis method developed from the Fourier transform in the 1980s, with the significant features of self-adaptivity and mathematical microscopy. It essentially splits signals into multiple scales via shifting and scaling of the wavelet basis function [51, 52] . A given wavelet function h(x) is transformed to the following after expansion and shifting:
where j is the scale coefficient and k is the shift coefficient. The smaller scale corresponds to the higher frequency and vice versa. At an arbitrary scale, the wavelet transformation can be expressed as follows:
where C(j, k) is the wavelet coefficient and h j,k (x) is the complex conjugate of h j,k (x). For a square-integrable function L 2 (R), any given signal f (x) ∈ L 2 (R) can be decomposed into different frequency bands by scale as follows:
where g j (x) is the component of f (x) at scale j. If h is an orthogonal wavelet, the components of Equation (3) are orthogonal, i.e.,
where <g i (x), g j (x)> denotes the inner product of the two components g i (x) and g j (x). If it is 0, then the components are not related and can be arbitrarily combined without being affected by other components. The wavelet analysis method has been a common signal-processing method to extract weak signals from strong noisy backgrounds, and it is applied to many practical applications [53] . During the experiment, the TIR from the rock surface is affected by the atmosphere, the sun, and stress, etc. In terms of frequency, there are three main, significant components [17] [18] [19] : (1) high frequency: the frequency of TIR changes in this component is larger than that of the stress, which is mainly related to the fluctuant change of the environment and the instrumental noise; (2) middle frequency: the frequency of TIR changes is consistent with that of the stress, which indicates that the TIR changes are induced by stress; (3) low frequency: the frequency of TIR changes is smaller than that of the stress, and the TIR changes are mainly in response to the continuous and slow changes in the environment in a relatively long period [53, 54] . Considering the above frequency characteristics, the ∆AIRT signals during rock loading can be divided into three components, as shown in Equation (5):
where ∆AIRT is the original AIRT change and ∆AIRT high , ∆AIRT mid , and ∆AIRT low denote the components in high, middle, and low frequency, respectively. The orthogonal Coiflet 5 wavelet basis was selected to decompose ∆AIRT. According to the loading period and the sampling frequency of AIRT, the suitable decomposition level for the wavelets is 11. ∆AIRT mid belonged to the detailed component at level 11, and the ∆AIRT low belonged to the approximation component at level 11. The remaining detailed components from level 1 to 10 belonged to ∆AIRT high . The absolute error of the postdecomposition synthesis is on the order of 10 −9 .
Statistical Analysis
Based on the theoretical analysis, it can be inferred that the ∆AIRT mid is the component which is most related to the stress change because the influence of the background and the noise has been removed. To evaluate the effect and accuracy of extracted weak infrared radiation signals induced by stress from the strong interference environment, the following two aspects in temporal and amplitude were taken into consideration:
(1) For the temporal characteristic, as the stress was designed as periodical, the overall trend of ∆AIRT mid should be consistent with that of the stress [47] . Therefore, both the correlation between the ∆AIRT and the stress, and the correlation between the ∆AIRT mid and the stress were analyzed.
(2) For the amplitude characteristic, if the extracted TIR signal was caused by the stress change completely, the amplitude of ∆AIRT mid was consistent with the calculated theoretical result. Therefore, both the maximum amplitudes of ∆AIRT and ∆AIRT mid were analyzed.
Results
Stress-Strain Analysis
As the loading processes of samples with the same lithology were similar in the experiment, the typical samples of HG-1 and SY-1 were selected as the examples to describe the stress-strain curves throughout the entire cyclic loading process in Figure 2a ,b. The different lithology between the granite and sandstone led to the different shapes in Figure 2 . It was found that the paths of rock loading and unloading did not overlap completely. There was a plastic hysteresis loop between the loading and unloading curves. However, except for the first cycle, the area of the hysteresis loop decreased gradually from the second cycle and reached a steady state. This suggested that as the number of cycles increased, the rock's deformation became more elastic. Therefore, it is more reasonable to select and analyse the experimental results of the last two cycles to get the robust relationship between the ∆AIRT and stress change. 
Photos for Experimental Conditions
The same environmental conditions could lead to similar experimental results. Therefore, the typical sample of HG-1 was selected as the example in 'EM1' and the sample of HG-4 was selected to analyze in 'EF2'. The photos of the samples in the loading space and the arrangement of the temperature probes in these two types of conditions are shown in Figure 3 . The observation time in yellow (20:45 in Figure 3a and 10:15 in Figure 3b ) indicated the nighttime and daytime with sunlight during the loading process, respectively. The temperature of the reference sample indicated the ambient temperature. The AIRT variation in the black circle area in the middle of the sample surface was selected to extract and calculate without the influence of the temperature probes and the reference sample. 
Temperature Variation and ∆AIRT
Results in 'EM1'
The sequences of thermal images for each sample during the loading process were recorded and the ∆AIRT in the black area was calculated. Figure 4a ,b illustrates the measured temperature and ∆AIRT results for HG-1. The ambient temperature decreased monotonically throughout the cyclic loading process from 20.35 • C to 20.02 • C at nighttime, with an approximate value of 0.33 • C. The ∆AIRT decreased with fluctuations at a value of approximately 0.27 K as well (in Figure 4b) . It was found that there was an approximate cyclic trend on the ∆AIRT curve. In order to extract the cyclic variation trend clearly, the decomposed results denote the ∆AIRT low , ∆AIRT mid , and ∆AIRT high plotted in Figure 5a -c, respectively. Figure 5a shows that the ∆AIRT low decreased monotonically with a value of 0.27 K, which was consistent with the change in the ambient temperature (Figure 4a ). The ∆AIRT low could be used to represent the change in the ambient temperature. Figure 5b shows that the ∆AIRT mid was consistent with the stress curve with temporal cyclic changes. The maximum amplitude of ∆AIRT mid was 0.05 K, which was only approximately 15% of the change amplitude in the ambient temperature. Figure 5c shows that the ∆AIRT high changed drastically with large fluctuations. Apart from the influence of the background and stress, the fluctuations of ∆AIRT high were mainly due to instrumental noise and wind in the range of 0.05 K. The standard error of ∆AIRT high is about 8 mK, indicating that the experimental condition was relatively stable in 'EM1'. It is noted that the sunlight could lead to the temperature and ∆AIRT change in two aspects: one is the ambient temperature change directly; the other one is the heat conduction from the left irradiated side (with sunlight in Figure 3b ) to the central calculated area. Therefore, the ∆AIRT fluctuated with the similar trend of temperature change. The maximum amplitude of ∆AIRT was 0.29 K and there was no visible cyclic characteristic. The weak stress-induced infrared radiation signal was completely submerged by the ambient temperature change.
The decomposed results of ∆AIRT in each frequency component are plotted in Figure 7a -c, respectively, as well. The ∆AIRT low shows a similar trend with that of the ambient temperature. The trend of ∆AIRT mid was consistent with the stress curve in period as well with the maximum amplitude of 0.076 K in Figure 7b , which is approximately 40% of the amplitude of the ambient temperature change (0.19 K). Figure 7c shows that the ∆AIRT high changed with large fluctuations due to instrumental noise, wind, and sunlight in the range of 0.1 K. The standard error of ∆AIRT high is about 15 mK, indicating that the experimental condition was relatively more complex than that in 'EM1'. 
Statistical Results
The correlation coefficients and the maximum amplitudes of ∆AIRT and ∆AIRT mid were calculated and are listed in Table 2 . It is found that the correlation coefficients between original ∆AIRT and the stress were poor with the maximum value less than 0.6. However, the correlation coefficients between the decomposed ∆AIRT mid and the stress increased significantly with the minimum value larger than 0.8. The average values of correlation coefficient in 'EM1' and 'EF2' were 0.93 and 0.90, respectively. According to the maximum amplitude results, the rates of ∆AIRT mid were approximately 0.2-1.6 mK/MPa during the elastic deformation stage in the two experimental environments. This is similar to the results obtained in a stable indoor experimental condition without obvious ambient temperature change [22] [23] [24] [27] [28] [29] .
Therefore, taking both the temporal and amplitude analyses into consideration, the results suggest that it is feasible to extract the infrared radiation signals induced by cyclic stress using wavelet analysis in a strong interference environment.
Discussion
The Relationship between the Change in the TIR and Stress
According to Kelvin's law [55] , there is a thermoelastic effect in response to the elastic stress condition for solid material. The temperature increases as the stress increases and vice versa. The temperature change is proportional to the sum of the principal stress:
where ∆T is the temperature change (K), ∆σ is the change in the sum of the principal stress (MPa), α is the thermal expansion coefficient for solid material ( • C −1 ), ρ is the density (kg/m 3 ), C p is the specific heat capacity (J/kg· • C), and T is the absolute temperature of a unit object (K). According to the literature [47, 54] , the values of thermal parameters for sandstone are as follows: α = 7.8 × 10 −6 • C −1 , ρ = 2230 kg/m 3 , and C p = 710 J/kg· • C. Those for granite are: α = 7.5 × 10 −6 • C −1 , ρ = 2640 kg/m 3 , and C p = 820 J/kg· • C. According to Equation (6), when the initial temperature of the granite was 20.3 • C, and the main stress variation was 60 MPa, the temperature increase can be calculated as 0.061 K. For sandstone, when the main stress variation was 35 Mpa, the temperature increased by 0.051 K. The increasing rate of ∆AIRT mid for sandstone is higher than that for granite. Figures 4a and  6a show that the amplitude of ambient temperature change was about 0.2 K, and that the amplitude of ∆AIRT mid was only 15-40% of the ambient temperature. It was relatively weak compared to the ambient temperature. Equation (6) shows that the TIR intensity variation is inferred to be linearly correlated with the change in stress. The experimental results showed that the ∆AIRT mid changed consistently with the change in stress with the average correlation coefficient larger than 0.9. As there was no cyclic component with the same period of stress change during the loading process, it can be inferred that the ∆AIRT mid was caused by the stress change.
The Relationship between AIRT and Physical Temperature
According to the Stefan-Boltzmann's law, the object's radiant energy can be expressed as:
where M(T) is the radiant exitance (W·m −2 ), ε is the emissivity in the range of 0-1, e is the Stefan-Boltzmann constant, and T is the physical temperature (K). For blackbody, the radiant temperature is equal to T. For an actual object, the relationship between the two temperatures is:
where T s is the radiant temperature (K). Based on the TIR theory, the TIR intensity changes linearly with the physical temperature change with the correlation coefficient greater than 0.99, and it was confirmed by the experimental results in the laboratory condition with slight changes in ambient temperature [35, 36] . As the emissivity is less than 1, the value of radiant temperature change is lower than that of the physical temperature, though both of the temperatures could be used to represent the thermal change. Figure 4a shows that the ambient temperature change was 0.33 K, whereas the ∆AIRT low was 0.27 K (Figure 5a) . Similarly, the ambient temperature change in Figure 6a was 0.19 K, whereas the ∆AIRT low was 0.17 K (Figure 7a ). When taking the emissivity of the rock samples (ε ≈ 0.9) into consideration, the two temperatures were generally consistent according to Equation (8) . It is noted that the emissivity of the rock was changed obviously in the stress condition in the range of 8.0-10.0 µm [38] . However, as the AIRT was obtained in the range of 3.7-5.0 µm, the emissivity change was not considered here.
Significance of the Experimental Results
The experimental results indicated that the amplitude of ambient temperature changes is probably several times or even ten times greater than that of the stress-induced ∆AIRT. The stress-induced infrared signal is completely submerged by the change in ambient temperature. If the stress changes periodically and there are no background radiation signals that are consistent with the period of the stress, the stress-induced TIR signal can be extracted using wavelet analysis. This problem has been investigated by some scholars. Zhang et al. [56] divided the TIR of the land surface into low, medium, and high frequency components when monitoring seismic TIR anomalies before earthquakes. The low and high frequency components represent the radiation due to the Earth's basic temperature field and the radiation due to rain, clouds, and cold or hot air currents, respectively. Apart from these two components, the medium-frequency component may be related to the crustal tectonic stress. Their studies on the cases of earthquakes showed that TIR anomalies often occur prior to earthquakes with different characteristic periods based on the medium-frequency data in different cases [57] [58] [59] . Chen et al. [18] [19] [20] found that the TIR of land surface was closely related to strain on a drilling measured data. Based on long-term monitoring of the bedrock temperature in the Kangding area, the bedrock temperature was strongly correlated with low-level seismic activity and suggested that the drastic change in the bedrock temperature is caused by the stress adjustment. Properties that affect the temperature response of rocks to changes in stress are critical for understanding temperature anomalies in the crust [60] [61] [62] .
Based on the experimental results in this paper, it is possible to extract the stress-induced TIR information using reasonable signal processing methods in the areas with intense neotectonic movement. Additionally, the microwave brightness temperature changes with stress change synchronously [47] . Therefore, the experimental results could provide the foundation for the monitoring of stress and tectonic activity in the crust via remote sensing.
The Difficulty and Further Improvement
However, it remains difficult to extend the experimental results to the wider scale for satellite RS purposes. The following aspects should be considered:
(1) The cyclic loading mode and the relatively high loading rate in this study are just one type of crustal stress condition. However, the actual crustal stress conditions are complex and variable, and the loading rate is uncontrollable in reality. Additionally, the wavelet method is not suitable for extracting the TIR signal related to the aperiodic crustal stress from a relatively strong background. (2) In addition, most of IR radiation recorded by satellite sensors is emitted by vegetation, soil, and unconsolidated sediments on the Earth's surface. Moreover, the received radiation is influenced by many nonseismic factors including climate, topography and landscape, geophysics, and geography. It is difficult to observe the TIR signal from the loaded rock on the ground directly. (3) The distance between the spectrometer and the specimen is at the level of meters in the experimental condition, which is much less than the orbit height at the level of hundreds of kilometres for satellite observations. The influence of the atmosphere effect is inevitable.
Therefore, it remains challenging to detect the crustal stress from satellite RS observations. The following additional exploration and investigations in the experimental condition and method are considered:
(1) For the experimental design, the cyclic loading mode at a relative slow rate can be considered to simulate the actual crustal stress condition [46] . In addition, more types of rock samples can be selected to confirm the magnitude of the stress-related TIR signal. (2) For the TIR observations, the wavelength features in the spectral radiance change and the emissivity change for loaded rocks were observed [33] [34] [35] [36] [37] [38] . It is reasonable to conduct the experimental studies based on the TIR signal at different wavebands. (3) Considering the limitations of the wavelet method, the new methods for weak signal extraction from strong backgrounds can be adopted in further studies [63, 64] .
Conclusions
To understand the possibility of extracting weak TIR signals from loaded rock in a strong interference background under outdoor conditions, the AIRT signals from the cyclic loaded rock surface in both the monotonic and fluctuant conditions were obtained and analyzed. The study shows the following conclusions:
(1) The AIRT is strongly influenced by the ambient temperature and environmental radiation.
The AIRT related to stress is relatively weak and submerged by the ambient temperature, which cannot be identified directly. (2) The stress-induced infrared radiation signal from the cyclic loaded rock can be extracted via wavelet analysis method. The correlation coefficient between the decomposed ∆AIRT and stress is larger than 0.8, and the amplitude of the extracted stress-induced infrared radiation is close to the theoretical result. Therefore, it is feasible to extract the weak TIR signals induced by stress in a strong interference background.
The experimental results provide an experimental foundation for crustal stress field monitoring in the strong background and has impact for science. Although the crustal stress monitoring via RS remains difficult and challenging, this work is still worthy of exploration.
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